Background and PurposezzElectrodiagnostic studies can be used to confirm the diagnosis of lumbosacral radiculopathies, but more sensitive diagnostic methods are often needed to measure the ensuing motor neuronal loss and sympathetic failure.
Introduction
Most lumbosacral radiculopathies are caused by root compression resulting from intervertebral disc degeneration. 1 Lumbosacral nerve root compromise is clinically diagnosed by pain in the lower back that radiates into the leg below the buttocks, and may be confirmed with radiologic and electrodiagnostic studies. [2] [3] [4] Imaging methods such as magnetic resonance imaging demonstrate structural abnormalities from which neurologic sequelae may be inferred. Electrodiagnostic methods can be used to assess the physiologic integrity of the nerve roots. 3 Such electrophysiologic procedures include motor and sensory nerve conduction studies (NCSs), late-response studies, somatosensory and motor evoked potentials, nerve root stimulation, and needle electromyography (EMG); needle EMG is currently the single most useful procedure. 1 Motor unit number estimation (MUNE) is an electrophysiological method designed to measure axon loss in the peripheral nerves. Since conventional electrophysiologic methods are not sufficiently sensitive measures of axon loss, MUNE may useful method in the diagnosis of diseases whose progression is associated with axon loss. 5 The early detection of sympathetic failure using conventional electrodiagnostic procedures has been poorly documented. 6, 7 The sympathetic skin response (SSR) has been proposed as a reliable and simple test, and is commonly used for the evalua-tion of sympathetic function in polyneuropathies and dysautonomic disorders. 7, 8 It measures transient changes in the electrical potential of the skin evoked both spontaneously and by various internal and external stimuli. 9 To the best of our knowledge, the use of MUNE for the diagnosis of radiculopathies has not been studied previously, while only a few studies have used SSR for this purpose. The aim of the present study was thus to determine the sensitivity of MUNE for the evaluation of the degree of root involvement in radiculopathies, while simultaneously searching for dysautonomic changes using SSR.
Methods

Subjects
Patients
Patients with clinically diagnosed lumbosacral radiculopathies were examined in this study. Those with a history consistent with lumbar radiculopathy-defined as pain in the lower back that radiates into the leg below the buttocks-were selected. The patient group comprised 12 males and 14 females (n=52 lower limbs) aged 51.6±11.2 years (mean±SD; range, 28-77 years). All of the patients were asked about their peripheral neuropathic symptoms, and examined carefully for such conditions, and all submitted to NCSs, MUNE, and SSR evaluations. Twenty-four of the patients also submitted to quantitative EMG (QEMG), and 24 patients were evaluated by magnetic resonance myelogram (MRM).
Patients with diabetes mellitus, alcoholism, amyloidosis, and other metabolic diseases resulting in neuropathies were excluded, as were those who had undergone lumbar surgery or who suffered from spinal stenosis identified through MRM.
Controls
The control group comprised 30 healthy volunteers (n=60 lower limbs; 16 males and 14 females) aged 40.1±11.0 years (range, 26-69 years) and with normal findings on neurologic examination. None of the subjects in the control group had a history of significant back pain or any previous history of sciatica or neuropathy, and all submitted to NCSs, MUNE, and SSR evaluations.
This study was approved by the ethics committee of Ondokuz Mayıs University, and informed consent to participate was obtained from all of the subjects.
Clinical evaluation
All of the patients were asked to respond to questions about their symptoms of numbness, leg and back pain, burning, tingling, and weakness. One point was assigned for each symptom, and the total number was counted to produce a total symptom score (TSS) for each patient. 10 The findings of neurological examinations were also evaluated quantitatively for each of the patients, who were examined to determine the presence of weakness and of sensation and deep-tendon-reflex abnormalities. Both touch and vibration sensation abnormalities were evaluated, and were considered to be present when sensation loss was found or there was reduced sensation in a dermatomal pattern. The patella and Achilles reflexes were examined to establish the presence of a deep tendon reflex abnormality. If a reflex was unobtainable or reduced compared with the contralateral side, it was determined to be abnormal and coded with 1 point. Weakness was assessed via flexion and extension of the hip, knee, ankle, and thumb muscles by manual muscle testing. The Lasègue test was also conducted, and the presence of muscle atrophy was assessed. Each abnormal component was assigned 1 point. The total finding score (TFS) was calculated by assigning 1 point for each abnormal finding. [10] [11] [12] The patients were questioned regarding the following autonomic symptoms: excessive sweating, feeling cold, and color change of the feet. Again, 1 point was awarded for the presence of each symptom, and summed to provide the sympathetic system score (SSS). 9, [13] [14] [15] The maximum scores for TSS, TFS, and SSS were 6, 14, and 3, respectively.
Neurophysiologic investigation
Nerve conduction studies, QEMG, SSR, and MUNE examinations were performed using Keypoint EMG equipment (Medtronic, Skovlunde, Denmark). All recordings were performed on subjects lying supine in a bed in an air-conditioned and softly lit room that was maintained at a constant temperature of 25°C. Their skin temperature was maintained at 31-32°C.
Nerve conduction studies
All NCSs were performed using standard techniques for supramaximal percutaneous stimulation with a constant-current stimulator and surface electrode recording. Peroneal and tibial motor NCSs (including F-waves and H-reflex) 16 and superficial peroneal and sural sensory NCSs were performed.
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Quantitative electromyography Concentric needle electrodes were used for the QEMG analysis. The vastus lateralis, tibialis anterior, gluteus medius, medial gastrocnemius, and the short head of the biceps femoris muscles were investigated. The L4-5 and S1 paraspinal muscles were occasionally tested to confirm the diagnosis.
The investigations were performed unilaterally on 6 of the patients and bilaterally on the remaining 20. Since the QEMG technique is time consuming and patients have a low tolerance for it, the symptomatic sides of the patients were examined first; QEMG testing was then carried out bilaterally on consenting patients. Motor unit potentials (MUPs) were collected with concentric electrodes and the MUP data were analyzed by multi-MUP analysis. 18, 19 Sympathetic skin responses Sympathetic skin response waves were recorded from both feet in each patient via superficial recording electrodes from two channels (impedance, <5 kΩ; frequency range, 0.5-2 kHz). The electrical stimulus was applied five times over the sternum at irregular intervals of between 30 and 60 s (stimulus duration, 0.1 ms; intensity, 80-100 mA), and five SSR waves were obtained. The mean latency, peak-to-peak amplitude, and area (including positive and negative phases) of these five waves were calculated.
Motor unit number estimation
Motor unit number estimation was conducted using the incremental technique described by McComas et al. 20, 21 For the tibial and peroneal nerves, recording and stimulating electrodes were placed as defined in other motor conduction studies. 16 
Radiological investigation
The MRM findings were analyzed with regard to the grade of nerve root compression (grade 1, contact; grade 3, displacement; grade 5, entrapment), and the association with foraminal stenosis. If there was no contact with the nerve root, the grade was designated as 0. If the herniated disc contacted the nerve root, and the nerve root was in its normal position, it was designated as grade 1. When the herniated disc material displaced the nerve root and this nerve root could be visualized by MRM, it was defined as grade 3. If the nerve root was entrapped between the herniated disc material and the lamina or facet, it was designated as grade 5. When there was an association with the foraminal stenosis, grade 1 was changed to grade 2, and grade 3 was changed to grade 4.
Electrophysiological diagnosis of radiculopathy
Lumbosacral radiculopathies were diagnosed based on the presence of neurogenic involvement in two or more muscles innervated at the same nerve root level but by different peripheral nerves. 1 The criteria regarding neurogenic involvement were the presence of spontaneous activity (positive sharp waves, fibrillation potentials, and complex repetitive discharges) and/or changes in MUP morphology (high-amplitude, longduration, and increased polyphasic MUPs). The changes in MUP morphology were evaluated quantitatively based on the results obtained from the multi-MUP analysis. 18, 19 The paraspinal muscles were considered as a single muscle for the purposes of the data analysis. If any level of the paraspinal muscles exhibited spontaneous potentials, they were designated as abnormal.
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Statistical methods
MedCalc and SPSS v16.0 computer analysis programs were used for the statistical analyses. NCSs, MUNE, SSR, and height parameters were compared between the patient and control groups using Student's t-test/Mann-Whitney U test. The normal distribution of the data was confirmed using the Kolmogorov-Smirnov test. Student's t-test was used to compare data with a normal distribution. Data that did not conform to a normal distribution were compared using the Mann-Whitney U-test. The chi-square test was used to compare SSSs between the patients and controls.
Correlations between the clinical scores (TSS, TFS, and SSS) and symptoms, MUNE values, compound muscle action potential (CMAP) amplitudes, and the radiological grade of herniation were confirmed as conforming to a normal distribution using the Kolmogorov-Smirnov test, and then investigated respectively using Pearson's correlation coefficient for samples. The correlation between age and the parameters searched in lumbar radiculopathies (MUNE values obtained AHL and EDB; latency, amplitude and area of SSR) were respectively investigated using the Spearman correlation.
Receiver operating characteristics (ROC) analysis was used to assess the abnormal cutoff values of the MUNE and the amplitudes of peroneal and tibial CMAPs. The sensitivity and specificity of MUNE were calculated in patients with a neurophysiologically confirmed diagnosis. In addition, the sensitivity and specificity of MUNE were calculated in patients with MRM abnormalities.
Results
While the study was designed, patient and control group were matched by demographic characteristic including age and sex. There was no difference in demographic characteristics (age and sex) between patient and control group. Unfortunately, some patients could not be included in all of the study. The patient group consisted of 52 lower limbs of 26 patients, 12 male and 14 females with a mean age of 51.7±11.2 years (range, 28-77 years) and the control group consisted of 60 lower limbs of 30 healthy volunteers [16 males and 14 females with a mean age of 40.1±11.0 years (range, 26-69 years)]. Therefore the difference might be due to these changes occurred during the study period. In addition we had searched if there was a correlation between age and the parameters searched in lumbar radiculopathies [MUNE values obtained abductor hallu-cis longus muscle (AHL) and extensor digitorum brevis muscle (EDB); latency, amplitude and area of SSR] (r=-0.113, -0.274, -0.013, -0.136, -0.184 and p=0.419, 0.052, 0.930, 0.374, 0.227 respectively for AHL and EDB; latency, amplitude and area of SSR). Since we couldn't find any correlation between age and these parameters, adjusted covariant analyses were not done.
Electrophysiological radiculopathy was diagnosed in 21 of the 24 patients examined by EMG. The patients had at least one radiculopathy at L4, L5, or S1, and were affected by different combinations of radiculopathies at these levels. One patient had a bilateral radiculopathy at all three levels, and four patients had a unilateral radiculopathy at all three levels, or at one or two levels contralaterally. Twenty-three patients had L4 radiculopathies, 21 patients had L5 radiculopathies, and 14 patients had S1 radiculopathies.
Twenty one of the 24 patients investigated by MRM had a herniated disc in at least at one of the L3-4, L4-5, or L5-S1 disc spaces, the severity of which ranged from grade 1 to 5. Three patients had a herniated disc at the L3-4, L4-5, and L5-S1 disc spaces. Two patients had a herniated disc at both the L3-4 and L4-5 spaces on their left side, and at the L4-5 spaces on their right side. One patient had a herniated disc at both the L3-4 and L4-5 spaces but only on the left side. Nine patients had radiculopathy only at one level unilaterally, two patients had bilateral radiculopathies at the L4-5 spaces, and another patient had disc abnormalities at the L3-4 level on the right, and at the L5-S1 level on the left side, as revealed by MRM.
The distal motor and F-wave minimum (F-min) latencies of the tibial nerve were longer, and the CMAP amplitudes and conduction velocities (CVs) of both the tibial and peroneal nerves were lower in the patient group than in the control group. The H-wave latency (H-latency) was longer in the patient group than in the control group. These differences were statistically significant. The sensory neurography parameters did not differ significantly between the patient and control groups ( Table 1) .
The SSR data are presented in Table 2 . A comparison of the SSR parameters between the groups did not reveal any significant differences exception for SSR latency, which was slightly longer in the patients than in the healthy subjects. No relationship was observed between SSR parameters and SSS (r= 0.073, p=0.686). Comparison of height between the control and patient groups to determine whether there is any correlation between height and SSR parameters revealed no statistically significant difference between the groups: 162.9±10.9 cm (range, 145-182 cm) in the patient group and 164.9±8.6 cm (range, 148-180 cm) among the controls.
The MUNE values of the tibial and peroneal nerves are given in Table 3 . The MUNE of the tibial nerve obtained from the AHL and of the peroneal nerve obtained from the EDB was significantly lower in the patient group than in the controls. Table 4 demonstrate the sensitivity, specificity, cut off and area under the ROC curve values of MUNE obtained from EDB and AHL muscles as a new diagnostic tool when used respectively CMAP amplitudes of peroneal and tibial nerves, EMG findings obtained from L5 and S1 innervated muscles, and MRM findings obtained from L4-5 and L5-S1 levels, as the gold standard. The sensitivity and specificity MUNE of the AHL were 71.4% and 70%, respectively, when using EMG as the gold standard; corresponding values when using MRM examination as the gold standard were 75% and 68.8%. By comparison, when the peroneal CMAP amplitude was used as the gold standard, the MUNE of the EDB had a sensitivity of 100% and a specificity of 84.1%. There was a moderate positive correlation between MUNE of the AHL and tibial CMAP amplitude (r=0.463, p=0.001). A stronger positive correlation was also found between MUNE of the EDB and peroneal CMAP amplitude (r=0.636, p=0.001).
There was a moderate negative correlation between the MUNE of the AHL and the grade of MRM findings at the L5-S1 level (r=-0.325, p=0.031) in the patient group. Moreover, a weak negative correlation was found between the MUNE of the AHL and clinical scores (r=-0.208 and -0.216, and p=0.037 and 0.030 for TFS and TSS, respectively).
There was a very strong positive correlation between symptoms and clinical findings (r=0.855, p=0.0001 for both TSS and TFS). There was a weak negative correlation between tibial CMAP amplitude and clinical scores (r=-0.270 and -0.286, and p=0.006 and 0.003 for TFS and TSS, respectively).
Discussion
There are considerable differences in the sensitivities of the various electrodiagnostic procedures that are currently used to detect radiculopathies. 1 Motor and sensory NCSs are typically normal in single radiculopathies, for both anatomic and pathophysiologic reasons. The sole parameter in motor conduction studies that may be affected substantially by radiculopathies is the CMAP amplitude. However, this change occurs only if the root lesion causes axonal degeneration. 1 In the present study, the CMAP amplitudes of both the tibial and peroneal nerves were lower in the patient group than in the control group, which indicates that root lesions lead to axon loss. In addition, the distal motor and F-min latencies of the tibial nerve were longer, and the tibial and peroneal CV was slower in the patient group than in the control group. These findings may be explained by loss of the fastest-conducting axons.
The H-latency was more prolonged in the patient group than in the control group. This is likely due to the presence of radiculopathy at the S1 level. Since the validity of H-waves was not examined in this study, changes in H-waves relative to the spinal level of the radiculopathy were not investigated.
The MUNEs obtained from the AHL and EDB were significantly lower in the patient group than in the control group. Strong positive correlations were found between the MUNE measurements of the EDB and the peroneal CMAP amplitude; moderate positive correlations were also found between the MUNE measurements of the AHL and tibial CMAP amplitude. These findings are concordant with the presence of axonal loss in our patients. Since the amplitudes of the peroneal and tibial CMAPs are related to the number of axons, the positive correlation between MUNE values and the CMAP amplitude suggests that MUNE could be a direct method for revealing axonal loss. This is also supported by the finding of negative correlations between tibial CMAP amplitude and clinical scores. The increase in clinical scores, reflecting worse clinical findings, is likely to be associated with the presence of axonal degeneration, leading to persistent symptoms in radiculopathies. By contrast, focal demyelination at the motor root may cause conduction block, which may manifest as a prominent but usually short-lived weakness. 1 Small degrees of focal demyelination may result in conduction slowing at the injury point; this is the presumed mechanism underlying the loss of deep tendon reflexes without accompanying clinical weakness or fixed sensory deficit.
The finding of a negative correlation between the MUNE of the AHL and the grade of MRM findings at the L5-S1 level suggests that MUNE is an indicator of axonal loss. This is supported by the finding of a negative correlation between the MUNE of the AHL and clinical scores, and could be explained by greater root compression, as observed through MRM, makes axonal loss more likely.
The sensitivity and specificity of the MUNE measurements of the AHL using EMG as the gold standard (71.4% and 70%, respectively) and using MRM examination as the gold standard AUC: area under the ROC curve, CMAP: compound muscle action potential, EMG: electromyography, EMG (L5): EMG findings for muscles innervated by the L5 segment, EMG (S1): EMG findings for muscles innervated by the S1 segment, MRM: myelogram, MRM (L5): MRM findings for L4-5 levels, MRM (S1): MRM findings for L5-S1 levels, MUNE: motor unit number estimation.
(75% and 68.8%, respectively) indicate that MUNE of the AHL could be used for to support diagnoses of radiculopathy. As a new diagnostic tool, the MUNE measurements of the EDB exhibited a sensitivity of 100% and a specificity of 84.1% when peroneal CMAP amplitude was used as the gold standard; the sensitivity of the MUNE measurements obtained from the EDB was not as high when using EMG or MRM as a gold standard. This difference might be attributable to the anatomy of the EDB, which is a small muscle that can be atrophic in the presence of foot trauma. Since this muscle could have some denervation due to distal traumatic axonal lesion of the peroneal nerve in normal subjects, its sensitivity might not be as high as that of needle EMG or MRM for diagnosing L5 radiculopathy. When the EDB is not as atrophic, MUNE values could be easily obtained from this muscle. Thus, as long as the EDB is not atrophic, the values of peroneal CMAP and MUNE obtained from the EDB will yield more accurate results. The specificity of the MUNE obtained from the EDB should be sufficient to allow a diagnosis in normal subjects when using QEMG and MRM as the gold standard (i.e., 87% and 85.7%, respectively).
All of these findings suggest that MUNE is a useful method for assessing axon count in L5 or S1 radiculopathies, and may therefore be an indicator of the degree of axonal loss and could be used as a guide for the rehabilitation of radiculopathy.
Another finding of the present study was that the SSR latency was slightly longer in the patients than in the healthy subjects. SSRs are considered a simple way of measuring sudomotor activity and are used widely as a rapid and painless method of evaluating sympathetic function, 9, 23 although there are certain limitations to this viewpoint. 24 The high variability of measured SSR amplitudes has resulted in this amplitude not being accepted as a marker for pathology in other SSR studies, 24 and the main clinical consideration remains the presence or absence of the response.
Pathophysiologically, the absence of an SSR response indicates a total failure of impulses to propagate along the entire polysynaptic reflex up to the end organs. 24 In the present study we were able to obtain SSRs from all of the subjects. Although occasionally it was not possible to yield a single response, in all cases four out of five responses were obtained successfully.
The polysynaptic reflex arc of the SSR involves large myelinated afferent sensory fibers and an efferent pathway formed by sympathetic preganglionic and postganglionic unmyelinated fibers. 15, 23 Thus, the SSR may be affected not only by efferent autonomic fibers but also by sensorial somatic fibers. However, by applying a suprasternal stimulus, as in this study, the peripheral effects due to the somatic fiber involvement may be ignored.
It is accepted that latency measurements of the SSR are of little value. While the efferent unmyelinated fibers account for most of the latency, it may also be affected by slow conduction in the afferent branch of the reflex arc or central delay in the activation of sympathetic neurons. 23 To the best of our knowledge, only a few studies have investigated autonomic involvement in radiculopathies. Although two studies found SSR changes in lumbosacral radiculopathy patients, 25, 26 another showed that SSR was not significantly altered in L5 and S1 radiculopathies. 27 The results of the latter study are probably due to the sympathetic fibers to the leg leaving the upper lumbar (the upper two and sometimes the third lumbar) spinal nerve roots to join the sympathetic trunk. 28 Thus, sympathetic vasoconstrictor and sudomotor fibers might not be damaged in pure L5-S1 radiculopathies. However, it is not possible to compare the present results with those of that study due to differences in the electrode placements and in the presence of a dermatomal pattern.
Studies that have revealed SSR abnormalities in radiculopathy were carried out on patients with failed back surgery syndrome (FBSS). 25, 26 It was found that SSR latency was significantly higher in the 29 patients with FBSS than in the controls. The prolongation of SSR latency was found even in the asymptomatic legs of FBSS patients. The SSR abnormalities found in the asymptomatic leg was attributed to a reduced homeostatic balance that induced stress and affected the central stress response, with sympathetic response changes. 25 Another study found that SSR parameters were abnormal in 8 out of 20 patients with FBSS. The application of spinal cord stimulation to relieve the pain improved the SSR parameters (in terms of increased amplitude and shortened latency) in these patients. 26 One explanation for the SSR abnormalities in patients with FBSS may be dysfunction of the sympathetic nervous system contributing to the intensity of pain.
Since both the patient group in the present study and other FBSS patient groups included not only patients with L5 and S1 radiculopathies but also patients with upper-level (L3 and L4) radiculopathies, and they could also have had further upper-level (L1, 2, and L3) abnormalities. Thus, another reason for the latency prolongation might be the involvement of the sympathetic fibers to the leg leaving the upper lumbar spinal nerve roots.
The main limitation of this study was that it was performed with the MRM technique implemented as part of a daily routine. Only the L3-S1 roots can be assessed using this MRM technique, making it impossible to state categorically whether some of the patients also had degenerative changes in the upper levels of the spine that could be responsible for the observed SSR abnormalities. However, it can be assumed that some of the patients also had degenerative changes at the upper levels of their spine. In these patients, the sympathetic nerves could be damaged at multiple levels, including the upper lumbar levels.
There was no significant correlation between SSR parameters and the SSS in the present patients. Similarly, there are some reports indicating lack of a correlation between SSR and autonomic symptoms in patients with polyneuropathy or carpal tunnel syndrome. 8, 9, 15, 29 One possible explanation for the lack of correlation between SSR and most autonomic symptoms in these different pathological conditions is that measurement of SSRs is sufficiently sensitive to detect subclinical autonomic disturbances. 8 These findings suggest that the SSR could reveal subtle sympathetic abnormality presenting as prolongation of latency in patients with a radiculopathy.
The results of this study suggest that MUNE is a simple, fast, and sensitive test for the diagnosis of radiculopathy. MUNE might be useful for determining the degree of axonal loss and prognosis, and thus it could help in the formulation of an appropriate treatment and rehabilitation plan, and for the daily routine in patients with radiculopathy.
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